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After the incubated and defaunated termites had been fed 
humus and kept alive for a longer period of time than they would 
have lived had they been fed wood, as shown by the death of all 
the wood fed defaunated controls; from time to time transfers 
back to a wood diet were made, with the result, in each case, of 
death in ten to twenty days, the usual length of life of wood-fed 
defaunated termites. The last of the transfers back to wood was 
made after the defaunated termites a been kept alive, active, 
and apparently normal in every respect, on a humus diet for 
three months. Death resulted, as was expected from the pre- 
vious experiments, and two weeks after all the defaunated ter- 
mites which had been transferred from the humus to the wood 
diet were dead, the humus-fed defaunated termites were alive and 
active, at which time the experiments were discontinued. That 
progressive development took place is evidenced by the fact that 
molting occurred in the humus-fed defaunated termites three 
months after all the protozoa had been removed by incubation. 
Deeply pigmented first form reproductive adults were formed in 
several of the jars during December and January. 

From these experiments it is obvious that the humus which was 
fed to the defaunated termites is potent to prolong their life 
four months—and probably indefinitely—beyond the death 
point of such termites when fed a diet of wood. The unincubated 
controls, which had been fed wood and kept in the laboratory 
in the same way as the incubated and defaunated termites being 
fed wood and the incubated and defaunated termites being fed. 
humus, were alive and active at the time the experiments were 
discontinued. Now, since the incubated and defaunated ter- 
mites live indefinitely when fed humus, but die in two to three 
weeks when fed wood, and the unincubated and faunated termites 
live indefinitely when fed wood, it is evident that the death of the 
incubated and defaunated termites is not due directly to the 
incubation temperature, but to an acquired inability to make use 
of wood as food. In other words, the termites after incubation 
and the removal of the protozoa, are no longer able to maintain 
themselves on their normal diet of wood, and death results. The 
incubation has in some way incapacitated them as wood users. 
They feed on the wood, as may easily be determined by watching 
them or by examining their intestinal contents, but evidently are 
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unable, for some reason, to utilize it—perhaps digest it, since 
humus, which is decomposed or digested wood, will keep them 
alive indefinitely. 

When the protozoa are treated with a hydrocholric acid and 
phloroglucinol solution a distinct pink color appears inside the 
bodies of the wood ingesting protozoa. Imms (1919) used this 
reaction to prove that the particles which he saw inside the bodies 
of the protozoa were wood particles—‘‘ligneous particles.’ 
Oshima (1919) placed phloroglucinol and hydrochloric acid on the 
termite intestinal contents and interpreted the macroscopic pink 
color reaction, which appeared immediately after the solution 
was placed on the intestinal contents, as a positive test for lignin 
and, from this experiment, he drew the conclusion that lignin 
passes through the termite’s (Coptotermes formosanus) alimentary 
canal unacted upon. Buscalioni and Comes (1910) interpreted 
the phloroglucinol reaction as indicative of the presence of wood 
sugars in the bodies of the protozoa, which sugars, these investi- 
gators claimed, the protozoa had by enzymatic action elaborated 
from the ingested lignocellulose particles. According to Sherrard 
(1922) no wood sugars can be obtained from wood except by 
extracting the cellulose. Mannan, for instance, very probably 
exists in the form of manno-cellulose. In every case the quantity 
of cellulose removed corresponds to the quantity of sugar pro- 
duced. In other words, the amount of sugar obtained is propor- 
tional to the cellulose extracted. Ritter and Fleck (1922), in 
making an anlyasis of some American woods, obtained a yield 
(a mean of four samples) of 6.82 per cent. of pentosan content 
from western yellow pine (Pinus ponderosa) extracted cellulose 
and a yield of 22.82 per cent. from tanbark oak (Quercus densi- 
flora) extracted cellulose. 

Aldopentoses, such as /-xylose and /-arabinose, when warmed 
with phloroglucinol and hydrochloric acid, give a cherry-red 
color to the solution. But this color reaction does not take place 
in the cold. Crocker (1921) states: ‘No case is known where 
materials conceivably present in wood, other than aldehydes, 
can react with the phloroglucinol reagent, in the cold, to produce 
a red color.’’ Crocker reaches this conclusion after having tested 
a large number of chemically pure compounds. Klason ! thinks 

1 Svensk Pappers-Tid; 23 (1920), p. 70. 
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the principal color-forming aldehyde of wood is coniferyl alde- 
hyde. Cross and Dorée (1922) conclude: ‘‘We have thereform 
a direct confirmation of the view that the color reactions of lig- 
nocellulose are those of derivatives and associated furfural 
products.” 

When tested with aniline acetate most of the wood ingesting 
protozoa are colored yellow, which coloration is probably brought 
about by the presence of methylfurfuraldehyde (Cunningham 
and Dorée 1914). When tested with the same chemical, at the 
same time, a small percentage of the wood ingesting protozoa 
and many of the wood particles free in the termite’s (Termopsis) 
intestine are colored pink, which coloration is probably brought 
about by the presence of a trace of furfuraldehyde, for Cross and 
Dorée (1922) state that ‘‘the aniline acetate test differentiates 
the aldehydes.”” Wood, before being ingested by the termites 
gives the same pink color reaction to phloroglucinol and hydro- 
chloric acid that appears inside the bodies of the protozoa. Also, 
aniline acetate reacts with uningested wood in the same way that 
it does with the wood particles inside the bodies of the wood in- 
gesting protozoa and the wood particles free in the intestine. 

Now, what does the phloroglucinol reaction show? What is 
its value? It may show that the reacting substance (the substance 
producing the coloration) is a derivative of lignocellulose or a 
substance associated with lignocellulose. If the reacting sub- 
stance is a derivative of lignocellulose, the lignocellulose bond or 
linkage has perhaps been broken, and it is highly probable that 
the protozoa are responsible for the breaking of it. Not many of 
the wood particles free in the intestine exhibit this reaction, and 
it is possible, of course, that the particles which do react have been 
inside the bodies of the protozoa. If the reacting substance is 
an aldopentose, as Buscalioni and Comes (1910) thought it was, 
it may be that the linkage or bond between aldopentoses and 
cellulose (Sherrard 1922) has been broken and, if so, it is highly 
probable that the protozoa have broken it. But, since the wood, 
before being ingested by the termites and reingested by the 
protozoa, gives the same color reaction that it does after inges- 
tion, it is perhaps best to suspend judgment until more is known 
regarding the specificity of the phloroglucinol reaction. 

However, the clear-cut, definite, and unmistakable glycogenic 
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reaction which appears inside the bodies of the wood-ingesting 
protozoa when treated with iodine in a solution of potassium 
iodide, is, perhaps, sufficient evidence to show that the protozoa 
exert a digestive action on the wood particles which they take 
into their bodies, for after the host has been fed cellulose (What- 
man’s filter paper. Vide infra) for three months glycogen is 
still present in the bodies of the protozoa and it cannot be demon- 
strated now, or at any time, in any of the cells of the host. The 
cellulose is probably split into cellobiose, the cellobiose into 
glucose, from which the glycogen is formed. The fact that no 
glycogen is present in the intestinal protozoa which do not ingest 
the wood particles or the cellulose particles, nor in the cells of 
the host, indicates strongly that the glycogen is formed inside the 
bodies of the protozoa that do ingest the wood particles or cellu- 
lose particles and that these protozoa are responsible for its 
formation. The intestine of the host is slightly alkaline (pH 7.2) 
which would make acid hydrolysis impossible. The cellulose, 
then, must be acted upon by enzymes. 

It has not been possible to demonstrate the ,presence of fats 
in the bodies of the protozoa, though the preserice of fats in the 
intestinal and other cells of the host may be easily demonstrated. 
Those termites which receive a fluid diet from other members of 
the colony accumulate an abundance of fat. 

It is highly possible that the protozoa are dependent on their 
host for proteins, since they live much longer on a cellulose- 
inorganic culture medium to which proteins have been added. 

In studying many of the termites of Japan, Oshima (1919) 
came to the conclusion that a preference was exercised in favor 
of those woods containing a high percentage of cellulose. He is 
of the opinion that cellulose is the only constituent of wood which 
termites use as food. This opinion is based on the following ex- 
periment which he carried out. Camphor wood was analyzed 
and fed to Coptotermes formosanus; the nest which was constructed 
after the wood had been eaten was analized, and it was noted 
that the chief difference between the camphor wood and the nest 
was in the cellulose-lignin ratio. The wood contained 48 per 
cent. of cellulose and 20 per cent. of lignin (C4sHy4O1, Beckmann, 
1921) while the nest contained 15 per cent. cellulose and 57 per 
cent. lignin. The method by which these percentages were ob- 
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tained is not given, and for this reason we have no way of judging 


their accuracy. Regarding this experiment Oshima remarks: 
“It is quite obvious that the amount of cellulose is the main 
difference between the constituents of camphor wood and those 
of the nest. As there occurs no decrease of noncellulose, it is 
clear that cellulose has been taken as the food when camphor 
wood passes through the alimentary canal; and noncellulose, that 
is lignin, which is produced as a decomposed material of ligno- 
cellulose by special function of the alimentary canal, is discharged 
as the building material of the nest.”’ 

Obviously, Oshima’s data do not warrant the conclusions which 
he draws from them, for it is impossible, without doing a quanti- 
tative experiment, to establish the fact that lignin is not used as 
food and that cellulose is, since both substances appear in the 
wood and in the nest. Oshima completely disregards—purposely 
or ignorantly it is impossible to say—all substances which are 
present in the wood except cellulose and lignin. The fact that 
lignin is present in the feces (and the test used is not a test for 
lignin at all) does not prove that it is not used by the termite as 
food, for cellulose is also present in the fecal material and has to 
pass through the alimentary canal many times before it is used 
up. Perhaps it is all never converted into cellobiose and glucose. 
Then, it has not been shown that termites do not use lignin as 
food; nor has it been shown that they do. 

Oshima (1919) fed cotton wool to Coptotermes formosanus and 
claimed that these termites lived more actively on this substance 
than when fed softwoods, the reason being, so he thought, that 
the softwoods have a lower percentage of cellulose. But the 
softwoods do not have a lower percentage of cellulose—at least 
those that have been anlayzed do not have. However, hard- 
woods average about 100 per cent. higher in pentosan content 
than softwoods. But Oshima’s experiment has no value what- 
ever, since the number of termites used and the length of life, 
when given a cellulose diet (Oshima’s diet of cotton’), is not 


1 Purified cotton yields an ash ranging from 0.10 to 0.50 per cent., while raw 
cotton contains about 1 per cent. of mineral matter. Raw cotton contains about 
90 per cent. cellulose and absorbent cotton 99 per cent. There is about 1 per cent. 
of pentosan in purified cotton. Most any filter paper, then, is a better cellulose 
diet than cotton in any form. Some filters contain an extremely small percentage 
of ash. Of course it cannot be said that the cellulose of filter paper is ‘‘normal”’ 
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stated. Many observers have noted that termites attack books, 
pasteboard, cloth, and wood pulp, but their ability to maintain 
themselves on these substances has not been investigated. Think- 
ing it possible that termites in large numbers, when fed cotton,} 
do not maintain themselves solely on the substances present in 
the cotton, but continue to pass the wood, which they have 
previously eaten before being changed to a diet of cotton, through , 
their bodies, digesting a portion of it during each passage, and 
thus giving the false impression of living on either the cotton or 
the filter paper, when in reality they were living on the wood 
particles which might still be present in their feces, I carried out 
the following experiment: One hunderd termites were placed in 
100 vials, 7.e., one termite to each vial, and nothing but pure 
cellulose (Whatman’s filter paper) was fed them. Many of these 
termites led an active existence and continued to harbor protozoa 
until the experiments were discontinued at the end of four months. 
Just how long termites can maintain themselves on a cellulose 
diet is not known, but is being investigated by the writer at the 
present time. 

Another experiment, which was first done by accident, seems 
to throw considerable light on the direct cause of the death of the 
incubated and defaunated termites. Many of the defaunated 
termites were being fed cellulose and a strong cellulose-decompos- 
ing fungus accidently got into some of the vials, and it was noticed 
that the termites in the vials containing the cellulose-digesting 
fungus did not die within two to three weeks. Some of them 
lived in the vials with the fungus for more than three months, 
but in the vials containing some of the same defaunated termites 
and cellulose which was not digested by a fungus, death occurred 
within two to three weeks. When this accidental and preliminary 
experiment was repeated (see Table III.) the same results were 
obtained. It seems quite evident, then, that incubated and 
defaunated termites cannot digest cellulose. 
cellulose. Cotton is really the only form of normal cellulose we have. Mayood 
and Cable (1922) have made a careful study of the cellulose of cotton and that of 
wood and conclude that the two are very similar, if not identical. The two, ac- 
cording to these investigators, are as much alike as the celluloses obtained from the 
same wood by acid cooking and by alkaline cooking. Until more is known regard- 


ing the nature of cellulose in various substances we may continue the usage of 
calling cotton ‘“‘normal”’ cellulose. 
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Now, since the incubated and defaunated termites remain 
alive and active indefinitely (See Table III.) when fed humus— 
which is wood (chiefly cellulose) digested or decomposed by 
bacteria, fungi, actinomycetes—and digested cellulose, but die 
when fed wood or when fed cellulose, it seems very probable that 
death is due to an inability to digest wood. Futhermore, it has 
been shown that no sugars can be gotten from wood except by 
first extracting the cellulose, which probably means that the 
sugars exist in combination with the cellulose. Then, we may 
reasonably conclude that the inability on the part of the defaun- 
ated termites to digest wood is due, perhaps, to the disappear- 
ance of cellulase, brought about, in some way, by the incubation 
and removal of the protozoa. 

If cellulase is no longer present in termites after incubation— 
and it does not seem to be—what is responsible for its disappear- 
ance? In order to answer this question the two factors involved 
in bringing about the disapparance of cellulase, incubation and 
the removal of the protozoa, must be separated. Reinfection of 
the incubated and defaunated termites with protozoa seemed to 
be the principal key with which this puzzling question might be 
unlocked, but unfortunately for several months it was impossible 
to replace the protozoa in the termites, once they had been thor- 
oughly removed. Finally, a rapid and easy method of reinfection 
was developed. Since the reinfection experiments are the most 
important ones in the paper, perhaps, one of the seven which 
were carried out, should be given in detail just as done and record- 
ed in my note book. The other six are very similar to the one 
recorded here. 

Ten large jars of termites were collected and were numbered 
I-10p45. Numbers I-7(45 were incubated at 36° C. from 3:30 
P.M., 10/21/22 to 3:30 P.M., 10/22/22. Numbers 8, 9 and 10p45 
were not incubated and were left at room temperature (about 
20° C.). Jars I-7p45 were carefully examined on 10/23/22 and 
the termites in them were found to harbor no protozoa. In 
making this examination twelve individuals (workers), taken at 
random from each jar, were carefully dissected and their entire 
intestinal content painstakingly examined under the microscope 
for protozoa. If no protozoa were found, the colony was labeled 
‘“‘defaunated termites.”” Jar 645 was used as follows on 9/24/22, 
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the day after incubation: By means of a sieve the termites 
were separated from all pieces of wood and clumps of excrement 
larger than themselves. Then they were placed in beakers, and 
a piece of moist filter paper was placed in each beaker so that one 
corner just touched the bottom. The termites would leave the 
small pieces of wood and excrement and crawl up the filter paper, 
and when a large number of them were on the filter paper they 
were shaken from it and transferred to several small beakers. 
By this method the termites were entirely freed from all particles 
of wood and excrement. Now they were taken, one at a time, 
from the small beakers and placed in watch glasses. Here the 
right antenna was cut off close up to the head, and one by one, 
after the right antenna had been removed, they were placed in 
shell vials until ten individuals were in each vial. In this ex- 
periment 14 vials with 10 defaunated termites each were used. 
These were numbered 1-1449. Some unincubated and faunated 
termites were taken from jar 945, collected at the same time 
that 645 was and taken from the same colony of termites in 
nature. These were freed from wood and excrement in the same 
way that the defaunated ones were. Then 10 unincubated and 
faunated termites were placed with 10 incubated and defaunated 
termites in vials I-11p49; in vials 12, 13, and 1449 fifty unin- 
cubated termites were placed. Workers only were used in all 
the experiments. Whatman’s filter paper, moistened with dis- 
tilled water, was put in each vial; the vials were tightly corked 
and left at room temperature in the dark. Results: 10/24/22 at 
5 P.M. three termites from vial 849 were examined. Two con- 
tained no protozoa and one contained a few. 10/27/22 all of the 
individuals—those previously defaunated and those from which 
no protozoa had been removed by incubation—in 1149 were 
examined. Two were dead, 12 harbored protozoa, and 6 harbored 
no protozoa. Three of the 12 that harbored protozoa had the 
right antenna cut off. This was a clear-cut case of refaunation 
(replacing of the protozoa in the intestine after they had been 
removed by incubation). The number of protozoa present in 
these refaunated or reinfected individuals was about half normal. 
On 12/29/22 six vials were examined with results as follows: 
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Number 349 contained 16 termites, 6 with no right antenna. 
“4249 ves a Peres ey . 
5P49 7 7 oe , 
‘*  6p49 II ae 
“ 7P49 7 a ol 


In number 1449 fifty unincubated and faunated termites had 
been placed with the ten incubated ones and only two individuals 
with the right antenna cut off were taken from this vial, though 
others were present and might have been taken. Nearly all of 
the fifty unincubated individuals were alive. Now the termites 
with the right antenna removed which were taken from vials 
3, 4, 5, 6, 7, and 1449 to be counted were placed in separate vials 
I-6p88 with a label on each vial designating the source. What- 
man’s filter paper was given them for food. They were observed 
regularly. All are alive now, 2/7/23,' five weeks from the time they 
were separated from the unincubated. Two of the individuals 
in 3p49 were examined and were heavily infected with protozoa. 

After association for several weeks with termites harboring 


protozoa the defaunated termites regain their protozoa and, at 
the same time, their ability to live on a diet of pure cellulose or 
wood. Now, the important question is, how did the termites 
regain their ability to make use of pure cellulose or wood as food? 
More specifically, why do they now possess cellulase—and, 
perhaps, cellobiase? When the protozoa are removed from a 
termite’s intestine, the ability to make use of pure cellulose or 
wood is lost, but when they are replaced, this ability reappears. 
Do the cells of the termite possess cellulase and cellobiase? It 
seems that they do not. Then where may these enzymes be 
found? The fact that there presence can only be demonstrated 
when the protozoa are present in the intestine of the host seems 
to indicate that the protozoa possibly possess them. If the 
protozoa do possess these enzymes, and the host does not, the 
way in which they aid their host is plain. 


It seems evident that the protozoa aid their host in some way 
to live on cellulose and wood, for it has been shown (Table III.) 
that defaunated termites can live indefinitely on the digestion 
products of pure cellulose or wood (humus). It now becomes 


1 Many are alive now 4/10/23. 
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highly probable that the protozoa aid their host in the digestion 
of pure cellulose and wood, since the host is able to live indefi- 
nitely on either of these substances only when it harbors the 
protozoa. But how do the protozoa aid their host in the digestion 
of wood? Mechanically, or by furnishing enzymes, as suggested 
above, which the host itself does not possess. 

It is possibie that the protozoa mechanically aid their host 
since the intestine is completely gorged with them. The intestinal 
cells of the termite may secrete enzymes such as cellulase and 
cellobiase, only when stimulated by actual contact with vast 
numbers of intestinal protozoa. Pavlovsky and Zarin (1922) in 
a study of the ferments in the alimentary canal of the bee, A pis 
mellifera, found catalase in the stomach and large intestine in 
winter only. Three hours after the first flight in spring, catalase 
was present in a very small amount, and two days later, not a 
trace was left. These authors claim that the discharge of catalase 
in the rectum depends upon the accumulation of feces in it 
during hibernation. The bee has no need for this enzyme except 
during hibernation, when it seems to regulate the different oxi- 
dizing processes and destroys the surplus peroxides as they ac- 
cumulate. The production of any enzyme may be explained 
either as a ‘‘ hunger phenomenon”’ or due to favorable conditions 
of nutrition, the latter being, perhaps, the better explanation. 
Young (1918), in his work on inulase, showed that stimulation to 
increased production of this enzyme was dependent upon a 
direct chemical stimulus—substances present in the medium. It 
has been impossible to extract cellulase or cellobiase from either 
those termites harboring protozoa or those not harboring protozoa 
(defaunated termites). Pringsheim (1912) claims that cellulase 
is an endo-enzyme and is secreted from the cell when stimulated 
by direct contact with cellulose. This perhaps explains my ex- 
traction failures. 

The other way the protozoa may aid their host is to digest the 
wood for it. Since it has been shown that defaunated termites 
cannot digest wood, the experiments of Buscalioni and Comes 
(1910), where these investigators demonstrated that the wood 
particles ingested by the protozoa are digested, are now of great 
value, though they were worthless so long as it was not known 
that the host could not digest wood without the protozoa. There 
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are many reasons for thinking that the protozoa digest the wood 
for their host. In Reticulitermes flavipes practically all the wood 
particles which reach the hind-intestine are immediately ingested 
by the protozoa. Hundreds of individuals of this species have 
been examined to note if wood particles were ever present in a 
very great quantity in the intestine, and in only a few instances 
were they ever found in abundance. Perhaps, directly after the 
termite has taken a meal, wood particles may be quite plentiful, 
in the intestine, but it is certainly not long before nearly all of 
these particles of wood are taken into the bodies of the protozoa. 
In Termopsis many wood particles are free in the intestine, though 
the wood ingesting protozoa harbored by this genus always have 
their bodies filled with wood particles to the same extent as do 
the wood ingesting protozoa harbored by Reticulitermes. Quite 
a bit of woody material is present in the expressed pellets of 
excrement of Termopsis, whereas Reticulitermes, on the contrary 
has a liquid excrement. 

Of course the mere fact that the protozoa take the particles 
of wood into their bodies does not mean that they in any way 
alter these substances, for many protozoa ingest substances 
which they cannot use as food. Not all of the termite protozoa 
ingest soiid particles of wood for food, or at all, though most of 
them do. Among the protozoa harbored by Termopsis sp., of 
Ashland, Oregon, Streblomastix strix does not ingest the wood 
particles, and this organism never gives a glycogen reaction. 
Streblomastix strix, then, may get its nourishment from the diges- 
tion products of the other protozoa which Termopsis harbors, 
such as Trichonympha campanula, which ingests great quantities 
of wood particles and always gives a very clear cut and definite 
glycogen reaction, provided its host has not been wood starved; 
or it may derive its nourishment directly from the products which 
its host has assimilated, in which case it is a true parasite. If 
this protozoén gets its noruishment from the digestion products 
of other protozoa present in the intestine of its host, just in the 
same way that the termite gets its nourishment, Streblomastix 
strix, then, may be a commensal from the viewpoint of the ter- 
mite, but from the viewpoint of its relation to the wood digesting 
protozoa, it is a true parasite, since it in no way aids the wood 
digesting protozoa, whereas the termite does aid them since it 
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furnishes the wood which they digest. Of course Streblomastix 
strix may use both the products assimilated by the termite and 
the products present in the termite’s intestine as a result of the 
digestion of wood by other protozoa, which products have not 
been assimilated by the termite. Those individuals of Tricho- 
nympha campanula containing the greatest quantity of wood 
particles in their bodies give the most distinct glycogen reaction. 
The reaction is much more pronounced in the posterior half of 
the body where most of the ingested wood remains. Another 
form, Trichomonas termitis (Trichomonas because this organism 
has an undulating membrane, axostyle and three flagella and is 
not the same organism as Trichomiius termitidis which Kofoid 
and Swezy (1919) described from Termopsis angusticollis of 
Berkeley, California), ingests wood particles but does not give 
the glycogen reaction except in a very few instances. As a matter 
of fact, about one individual in a hundred examined will give a 
slight glycogen reaction. This organism probably does not make 
use of the wood particles, but, perhaps, ingests them while feed- 
ing on bacteria, since it has a cytostome, an organelle which 
Trichonympha, Dinenympha, Streblomastix, Pyrsonympha, and 
most of the other genera of termite protozoa, do not possess. 
Among the protozoa harbored by Reticulitermes flavipes, 
Trichonympha agilis and Pyrsonympha vertens ingest wood parti- 
cles and give a glycogen reaction. Several of the species of 
Dinenympha do not ingest wood particles or give a glycogen re- 
action. When these termites (Termopsis and Reticulitermes) are 
wood starved, the protozoa (Trichonympha campanula, T. 
agtlis, Pyrsonympha, etc.) that give the glycogen reaction always 
die off first. Sometimes practically all of these forms are dead 
before any diminution in the other forms occurs. Pyrsonympha 
is probably of great value to its host owing to its peculiar habit 
of attaching itself to the chitinous layer investing the inner 
surface of the intestine. Individuals of this genus, instead of 
passing out of the intestine with the feces when they die, remain 
attached to it long after death, and thus the food which they 
have prepared for their host is kept in the intestine until the 
host has an opportunity to use it. The attachment is, perhaps, 
also quite useful to the protozoén, since this organism is not 
provided with numerous flagella as is Trichonympha and by 
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means of the attachment apparatus it is thus enabled to maintain 
its position in the intestine in the complex struggle for existence 
among the many species of protozoa which completely fill the 
lumen of the termite’s intestine. No doubt Pyrsonympha, Tri- 
chonympha and others, die by the hundreds daily, and thus give 
over to their host many substances which they have obtained 
from the wood particles. That they give sugars,' such as xylose, 
may be shown by testing with phloroglucinol and hydrochloric 
acid. But it is not the intention of the writer to show in this 
paper the relation of each species of protozoa to its host. Not all 
of the protozoa harbored by the two hosts, Termopsis and 
Reticulitermes, have been mentioned, and the protozoa of other 
termite genera have not been mentioned at all. In a later paper 
this question will be considered in more detail. 

Unwilling to conclude definitely that the protozoa were entirely 
responsible for the digestion of cellulose, the other microérganisms 
harbored by Reticulitermes flavipes were studied. Bacteria were 
sometimes numerous, and these were studied in many ways. In- 
cubation at 36° C. for 24 hours does not seem to affect their 
numbers. All the known methods, aérobic and anaérobic, for 
isolating cellulose decomposing bacteria were given more than 
fifty trials, but, since the results of all these experiments were 
negative, no tabulation has been made. An inorganic medium 
composed of 


1.00 gram 
0.50 “ 
0.50 


to which cellulose was added in two forms: a small piece of 
Whatman’s filter paper was placed in the test-tubes containing 
the inorganic medium and a 0.5 per cent. cellulose suspension 
was added to the inorganic medium. This was sterilized in the 
usual way and the inoculations made. Then the cellulose sus- 
pension and inorganic medium plus agar sufficient to make a 


1 Provided the conclusions of Buscalioni and Comes (1910) regarding the phloro- 
glucinol reaction are accepted. For a discussion of this reaction see page 205-6. 
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solid medium were used. When cellulose was the only carbohy- 
drate present, no growth ever occurred; but when other carbohy- 
drates, such as dextrose, were present a rapid growth took place. 
For more information regarding the methods used in studying 
cellulose decomposing microérganisms the reader is referred to 
Waksman (1919 and 1922"), Kellerman (1913), McBeth (1913 
and 1916), Brown (1915 and 1917), Schmitz (1919), and others. 
After employing all of these methods it was concluded that no 
cellulose digesting bacteria are harbored by Reticulitermes 
flavipes, since more than one hundred individual attempts to 
isolate cellulose decomposing bacteria met with failure, even 
after the cultures were more than two months old. It was an 
easy matter to isolate such bacteria from the soil and from cow 
chips. 

An attempt was also made to isolate cellulose decomposing 
moulds and actinomycetes from termites, and this attempt was a 
failure. This experiment was repeated ten times with the same 
result each time. 

None of the known cellulose-digesting bacteria, moulds and 
actinomycetes dies at 36° C. As a matter of fact this is the optimum 
temperature for many of these organisms. In some instances 
the cellulose is decomposed much more rapidly at even a higher 
temperature. 

These negative results indicate that Reticulitermes flavipes 
harbors no bacteria, moulds or actinomycetes capable of decom- 
posing cellulose. 

The most logical conclusion, then, from the results of all 
the experiments carried out, is that the protozoa actually aid 
their host by digesting the wood—or more specifically by break- 
ing up the cellulose molecule and freeing many substances which 
are bound to it in some way—for it, because the host itself cannot 
digest cellulose. The protozoa can digest cellulose. 

The relationship, then, between Reticulitermes flavipes and 
some of its intestinal protozoa, particularly Trichonympha and 
Pyrsonympha, is one of symbiosis. The termites are able to 
maintain themselves on their normal diet of wood only when 
they harbor protozoa to digest the wood for them. The protozoa 
are harbored only when their host eats wood or the excreta of 


1 This paper contains 957 references. 
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other individuals containing wood and protozoa. The larve must 
become infested with protozoa, by eating the feces of older and 
infested members of the colony, before they can maintain them- 
selves on a strict wood diet. The host procures the wood for the 
parasite, and the parasite digests it for itself and for its host. 
Each is a servant to the other; the protozoa are dependent on 
the termites for food and lodging, and the termites are dependent 
on the protozoa for the protozoal cellulose digestion products. / 


GENERAL DISCUSSION. 

The number of protozoa present in a sigle host is truly enorm- 
ous. Here we have an animal whose intestine is completely 
filled with flagellate protozoa, the majority of which live in a 
symbiotic relation to their host. Perhaps many—if not all— 
intestinal flagellates—human as well as animal—are harmless to 
their host. At least their presence does not mean anything— 
harmful or otherwise. Only careful and painstaking investiga- 
tion will reveal their relation to their host. 

The examples of symbiosis in nature hitherto described, such 


as alge and fungi (forming lichens), hydra and Zoéchlorelle, 
sea-anemone and hermit crab, are well known. These relation- 
ships are much closer than such relationships as ants and aphids, 
insects and flowers, etc. The symbiosis exhibited by termites 
and their intestinal protozoa is as real or true as any yet described. 
How such a relationship was developed is an extremely interest- 
ing but very difficult question to consider—or even theorize ! 


1 Since none of the protozoa of termites are known to occur elsewhere it is in- 
teresting to speculate on their origin. Where did these insects get them? The 
ability of soil protozoa to digest cellulose has not been studied and little is known 
regarding the protozoa of plants. If there are protozoa parasitic on plants, or 
protozoa in the soil, capable of digesting cellulose, it is possible that some of them 
became inhabitants of termites. It may be that the symbiosis was established in 
this way. These insects, before harboring protozoa, fed on soil and wood and, per- 
haps, were able to utilize some of the substances in the wood and many of those in 
the soil. The intestine of termites, feeding on practically the same food that the 
protozoa free in nature feed on, is certainly a much more constant—and hence 
better—environment for the protozoa than soil, or even plants. But, if the termites 
once possessed the ability to digest cellulose, why did they lose it? If the acquired 
parasites had been digesting cellulose longer than the termites and could do it 
better, i.e., more completely, this may be responsible for the loss of the ability to 
digest cellulose. The insects probably lost their ability to secrete enzymes, such as 
cellulase and cellobiase, because it became unnecessary for them to do it. How- 
ever, it is also just as reasonable to suppose that the termites never possessed the 
ability to digest cellulose, since so few animals do. 
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on—for it has undoubtedly been established a very long time. 

The ability of animals to live indefinitely with a sterile intes- 
tine is still a live, debatable, question. Osborn and Mendel 
(19146) have shown that microérganisms are of value to higher 
animals as elaborators of protein from non-protein stbstances 
ingested. Armsby (1911) showed that non-protein substances 
are a source of protein to herbivorous animals, probably due to 
the formation of digestable bacterial protein in the digestive 
tract. There is certainly a very small amount of protein in wood, 
and it may be that termite protozoa aid their host in some such 
fashion as intestinal bacteria aid their host. Kianigin (1917) re- 
opened this question by a review of all the literature. The 
greatest quantity of microorganisms—in the case of mammals 
and other vertebrates—is located in the nondigestive portions 
of the alimentary canal. Also the increasing number of animals 
which may be raised aseptically indicates that an aseptic exist- 
ence may be possible in the majority of cases. Bacteria carry 
decomposition to a lower level, yielding unassimilable substances 
such as methane, carbon dioxide, indol, skatol, phenol, cresol, 
etc. Perhaps the chief beneficial réle of the intestinal flora is the 
synthetic powers of the microérganisms. 

But the relation of many insects to microérganisms is a differ- 
ent question, and at least from one viewpoint, if from no other, 
a more interesting one and also one which may be studied more 
satisfactorily. Baumberger (1919) has shown “that Drosophila 
living in fermenting fruit are dependent for their food supply on 
the synthetic and absorptive powers of yeast cells.’’ In a similar 
manner his study of ‘‘the relation of Musca domestica to manure, 
of Desmometopa to decaying meat, and of Sciava and Tyroglyphus 
to decaying wood shows clearly that these arthropods also feed 

Another possibility, and perhaps a more plausible one, is that the termites 
before they became infected with protozoa, probably fed on humus. Some wood 
was ingested—though not digested—along with the humus. The protozoa were 
taken in and found the environment suitable. Rapid multiplication and few deaths 
in the more suitable environment, soon filled the termites with them. The wood 


feeding habit of the termites gradually increased. At present every conceivable 
step from non-wood feeding termites to strict wood feeders, is well illustrated in 
the various termites. 

But what happened to the ancestors of pre-termite protozoa—the organisms 
which lived in the soil or in wood? They have probably evolved along another line, 
in an opposite direction from those individuals who became inhabitants of termites. 


15 
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on microdrganisms.’’ However, microérganisms are not asso- 
ciated with these insects as symbionts—certainly not in the same 
sense or degree that termite protozoa are associated with their 
host—but as food. 

The nitrogen content of birch-wood is very high as compared 
with that of other woods. It is 0.108 per cent. In many woods it 
runs as low as 0.08 per cent. From the work of Baumberger 
(1919) and others, it is evident that many insects, due to the low 
protein content of the substratum on which they live and feed, 
are dependent on microérganisms for the proteins which they 
contain. Since such a small amount of protein is present in the 
food of termites it is quite likely that they, too, are dependent on 
microérganisms for a part of their proteins. Fungi may often be 
seen in the intestine of many termites. 

The relation of ambrosia beetles to fungi has been studied by 
Hedgcock (1906) and others, and the fungus-growing habits of 
the Termitidze have been studied by many investigators, chief 
of which are Doflein (1905 and 1906), Petch (1906) and Escherich 


(1909), but the exact relation of these insects to the fungi is not 
known. The fungi may simply furnish food (protein) for the 
insects, and, on the other hand, they may elaborate substances 
from the wood and grasses which the beetles and termites can- 
not elaborate, which substances are very important in the in- 
sects’ metabolism. 


Internal symbionts (yeasts) have been described from the 
beetle Anobium paniceum, by Karawaiew (1899) and Escherich 
(1900), and Portier (1905) claims that a micrococcus and a fungus 
live symbiotically with the caterpillar Neptiluca, but in no in- 
stance have intestinal flagellates been shown to live symbioti- 
cally with their host. The flagellates living in termites are the 
first example of such a relationship. 

As a rule the second and third reproductive forms do not 
harbor intestinal protozoa. Why? For one of two reasons per- 
haps: (1) the liquid diet upon which these individuals are fed 
kills the protozoa; (2) the failure of the host to eat wood causes 
the death of the protozoa. There is more evidence in favor of 
the latter view. In the first form reproductive adults protozoa 
are usually present—though never in abundance as in workers 
and soldiers—and this form eats some, though never as much 
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wood as the workers and soldiers. When workers and soldiers 
are wood starved the wood ingesting protozoa which they harbor 
die first. When workers are fed cow chips the protozoa disap- 
pear in three to four weeks. But here, as in the case of saliva, it 
is impossible to determine whether the change in the intestinal 
content brought about by the change of food, results in the loss 
of protozoa, or whether the failure of the host to provide the 
protozoa with wood results in their death. Since there is a great 
deal of cellulose in the cow chips it is more likely that the change 
in the intestinal content is responsible for the death of the pro- 
tozoa. The bacteria of the cow chips do not kill the protozoa, 
for sterile cow chips are just as effective in removing them. This 
question is now being attacked from many angles and it is hoped 
that a more definite answer may result. 


There is considerable difference of opinion regarding the extent 
to which cellulose is utilized in the animal organism. Very little 
is really known about the mechanism which vertebrates—and 
most, if not all, invertebrates too—employ in making use of 
cellulose. It is interesting in this connection to compare the views 


expressed by two prominent physiological chemists. Hawk 
(1921) states that many of the herbivora use as much as 25 per 
cent. of the total ingested cellulose, that less than 5 per cent. is 
used by dogs and the amount used by man is “too small for it 
to play a réle of importance in the diet of a normal individual.” 
He says: “In neither man nor the lower animals has there been 
demonstrated any formation of sugar or glycogen from cellulose.” 
Von Furth (1916) states that 30-70 per cent. of the cellulose 
eaten by herbivorous domestic animals is digested, and that man 
digests about 50 per cent. of the cellulose which he consumes, and 
in cases of habitual constipation he may digest as much as 80 
per cent. The filtered mammalian intestinal content is inactive 
to cellulose (Pringsheim, 1919). Pringsheim (1919) also claims 
that no cellobiose-splitting enzymes are present in any of the 
organs of cattle. Biery (1914), Biery and Giaja (1912) and 
Billard (1914) report the presence of cellulose-splitting enzymes 
in hepatic secretions of certain mollusks and crustaceans. Har- 
rington (1921) claims to have demonstrated the presence of 
cellulose-splitting enzymes in Teredo. Dore and Miller (1923) 
made a comparative analysis of the wood eaten and the borings 
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passed by Teredo navalis, and, as a result of the analyses, these 
investigators conclude that “‘the wood lost about 80 per cent. of 
its cellulose, and from 15-56 per cent of its hemicelluloses, in- 
cluding from 11 to 40 per cent furfural yielding constituents such 
as pentosans, etc.,” during its passage through the animals’ 
digestive tracts. They state further that ‘The simplest explana- 
tion of the disappearance of this carbohydrate material is that 
the cellulose and hemicelluloses of wood are partly digested by 
the teredo and probably hydrolyzed to simple carbohydrates 
which the animals can use.”’ In all these investigations it should 
be noted that many substances other than cellulose were present. 
In no instance was cellulose alone fed the animals. It would be 
very interesting, indeed, to study the microérganisms of these 
crustaceans and mollusks. No mention is made by these investi- 
gators regarding the possibility of microdérganismal cellulose 
digestion. 

Recently a cellulose-digesting anaérobic bacterium has been 
isolated from 60 per cent of the human stools examined (Khou- 
vine-Delaunay, 1922), and it is quite possible that future re- 
searches will reveal that intestinal microérganisms perhaps play 
a more important part in cellulose digestion than has previously 
been thought. Intestinal bacteria and fungi quite often aid their 
vertebrate and invertebrate hosts in the digestion of cellulose and, 
since it has been shown in the present investigation that intestinal 
protozoa can digest cellulose, it is now possible that the Infu- 
soria, such as Diplodinium, Entodinium, Butschlia, Isotricha, 
Dasytricha and Ophryoscolex, harbored by ruminants, notably the 

_9x, goat, sheep, camel and reindeer, may aid their hosts in the 
digestion of cellulose and hemicellulose. The Equidz also harbor 
similar Infusoria. 

GENERAL SUMMARY. 


1. There are four families of termites and all the species and 
genera of three of them, Kalotermitide, Rhinotermitide and 
Mastotermitide, that have been examined have been found to 
harbor enormous numbers of intestinal protozoa. No termite of 
the other family, Termitidz, has been found to harbor intestinal 
protozoa. 

2. The principal food of protozoa harboring termites is wood 
and the principal compound in the wood which the termites use 
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is cellulose. This was demonstrated by keeping termites alive 
and active indefinitely on a cellulose diet. 

3. The protozoa harbored are all killed off by incubation at 
36° C. for 24 hours, while the termites apparently are not injured 
at all by the incubation. 

4. The incubated and defaunated (with the protozoan fauna 
removed) termites die within 10-20 days, on the average, after 
incubation, if fed their normal diet of wood. 

5. When the incubated and defaunated termites are fed di- 
gested wood (e.g.,humus) or fungus digested cellulose, they live 
indefinitely. 

6. The death of the incubated and defaunated termites is not 
due to the incubation per se, but to an inability to digest wood. 

7. When the incubated and/defaunated termites are rein- 
fected with protozoa their ability to utilize wood, their normal 
diet, reappears, and they live indefinitely. 

8. The removal, then, of the protozoa seems to be responsible 
for the loss of the ability to utilize wood as food. To determine 
this question the ability of the bacteria, fungi and protozoa, 
harbored by termites, to digest wood or pure cellulose was care- 
fully studied. It was found that the bacteria and fungi could not 
digest cellulose, but that some of the protozoa could. 

g. Now, since the termites die in 10-20 days, if fed a wood diet, 
after the protozoa have been removed from them because they 
cannot digest their food (wood), as shown by the fact that they 
do not die, but live indefinitely,when fed digested wood or when 
reinfected with protozoa and fed wood, and since the protozoa 
do digest the wood particles which they take into their bodies, it 
is highly probable, if not certain, that the termites are dependent 
on the protozoa to digest their food for them. 

10. Not all of the protozoa harbored by Reticulitermes flavipes 
digest wood particles. Some of them either live at the expense of 
the wood digesting protozoa or their host, or both. 

11. The protozoa receive from the termites food and lodging, 
for which they give in return protozoal wood digestion products. 

12. The relationship between some of the protozoa, particu- 
larly Trichonympha and Pyrsonympha, and their host, Reticuli- 
termes flavipes, is one of symbiosis. 
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THE CELLULAR ELEMENTS IN THE PERIVISCERAL 
FLUID OF ECHINODERMS. 


JAMES ERNEST KINDRED, 


BIOLOGICAL LABORATORY, WESTERN RESERVE UNIVERSITY. 


A consideration of the cellular elements in an animal group, 


particularly those cellular elements which are present in cavities 
derived from the primitive ccelom, should include references to 
the origin of these cells and any other factors which may be con- 
cerned with their modifications, such as the habits, the powers of 
regeneration and the topographical anatomy of the organ sys- 
tems of the animals examined. It is generally conceded from 
the evidences of paleontology and comparative embryology that 
the Echinoderms of to-day are a fairly ancient group which have 
been able to adapt themselves to diverse environmental changes. 
The same pentaradial symmetry is present in all of them, al- 
though masked in some, but the principal variations which are 
characteristic of the classes are concerned primarily with the 
character of the body wall and secondarily with the distribution 
of the breathing organs. In the Echinoderms we can distinguish 
three types of organization of the body wall and breathing organs: 
the first type is characterized by a fairly flexible body and diffuse 
breathing organs (e.g., Asteroidea and Ophiuroidea), the second 
by a rigid test and limited breathing organs (e.g., Echinoidea), 
and the third by a well-developed muscular body wall and limited 
breathing organs (e.g., Holothuroidea). In all of the classes 
except the Holothuroidea, the movements of the body are very 
sluggish, consequently the oxygen requirements for muscular 
activity are very low and a system for rapid transfer of oxygen is 
not needed. But in the majority of the Holothuroidea, the de- 
velopment of muscle necessitates a great available supply of free 
oxygen and a mechanism for carrying this oxygen must be present. 
Therefore one phase of this investigation will attempt to corre- 
late the appearance of different types of cells in the perivisceral 
fluid with the character of the body wall, the distribution of the 


breathing organs and the movements of the body as a whole. 
228 
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We know that the Echinoderms have great powers of regenera- 
tion and may conclude, therefore, that all of the cells in the body 
are very labile, but the question arises as to which cells in the 
perivisceral fluid are the most generalized. Cells which could be 
regarded as the most generalized would be those which are con- 
stant in the perivisceral fluid of all of the Echinoderms and which 
are observed to have diversified functions; those cells which 
under necessity of local needs remove foreign material, wornout 
fragments of cellular origin and which could give rise to modified 
cells. Another phase of this investigation, then, is to determine 
if there are any such cells in the perivisceral fluid, and if so, what 
is the nature of their activities. 


I. MATERIAL AND METHODs. 


The material used in this investigation was collected in the 
vicinity of the Puget Sound Biological Station, Friday Harbor, 
Washington. Representatives of the four classes of Echino- 
derms found in this area were used. The following are the species 
which have been examined: 

Ciass I. Asteroidea. 


. Evasterias troschelit. 
. Solaster simpsonii. 
3. Dermaster imbricata. 
. Pisaster ochraceus. 
5. Leptasterias hexactis. 
. Henricia leviuscula. 
7. Pycnopodia helianthéides. 


Ciass II. Ophiuroidea. 
1. Ophiopholis aculeata. 


Crass III. Echinoidea. 


1. Strongylocentrotus drobachiensts. 
2. Strongylocentrotus franciscanus. 
3. Echinarachnius eccentricus. 


Ciass IV. Holothuroidea. 


1. Cucumaria japonica. 
2. Cucumaria chronjhelmii. 
3. Stichopus californicus. 
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Perivisceral fluid from individuals of each of the above species 
was drawn from the perivisceral cavity and studied by the hang- 
ing drop method. In studying the phagocytic activity of the 
cells, a concentrated suspension of finely granulate carmine or 
india ink in seawater was used. This suspension was injected 
into the perivisceral cavity through a minute opening in the body 
wall by means of a delicate hypodermic needle. The amount of 
suspension injected varied with the size of the animal, but it was 
found that the usual dose sufficient to affect the phagocytes was 
8 cc. The injected animals were kept in a live box for a day, so 
that there would be time for thorough ingestion of the particles. 

The clotting activities of the cellular elements were studied in 
drops of perivisceral fluid which had been allowed to stand for 
varied lengths of time. 

A saturated solution of seawater and methylene blue, another 
of seawater and neutral red were made and allowed to stand for 
several days before using. The supernatant solution which was 
free from particulate matter was decanted off and the solution 
used drop for drop with the perivisceral fluid. These stains were 


used for intravitam staining in certain phases of the investigation 
since they were found to be specific for the vacuoles of the leuco- 
cytes. 


II. OBSERVATIONS. 


1. The Leucocytes. 


In his paper on the leucocytes of the invertebrates, Goodrich 
(’19) called attention to the fact that the leucocytes of Asteracan- 
thion glacialis are characterized by the presence of extensive mem- 
branous processes of the ectoplasm. He says, ‘The freely pro- 
jecting pseudopodia usually described are either figured from 
optical sections of the folded membranes or from cells which have 
produced them under abnormal conditions. These pseudopodia 
may be present on cells in the fluid withdrawn from the body and 
which has been allowed to stand, and are probably derived from 
preéxisting membranes.’’ Goodrich calls all of the cells leuco- 
cytes, making no distinctions. 

In Arbacia (Kindred, ’21) I observed the formation of a syncy- 
tium in the perivisceral fluid by the anastomosis of filiform proc- 
esses which had been derived from the membranous flaps of the 
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leucocytes, thus supporting Goodrich’s assumption. Théel 
(21), however, in a review of his descriptions of the types of 
amoebocytes in the perivisceral fluid of Asterias rubens and Pare- 
chinus miliaris, states that he distinguished two types of amcebo- 
cytes in the coelomic cavity of these forms, the “ white or hyaline 
plasma-ameebocytes’’ and the “bladder amcebocytes.’’ These 
descriptions were not referred to by Goodrich nor myself although 
they appeared in Swedish prior to both of our papers. According 
to Théel the two types of amcebocytes are very dissimilar, the 
‘bladder amcebocytes”’ not being flattened nor spread out on the 
surface of the glass when a drop of the fluid is placed on a glass 
slide, but remaining thick and compact with the bladder lying in 
several superimposed layers. On the other hand, the “hyaline 
plasma-amoebocytes’’ in the fresh fluid are characterized by the 
possession of a concentrated cell body with longer or shorter 
pseudopodia. Théel expresses doubt as to whether or not one 
type may be derived from the other. Following the terminology 
used by Goodrich, I am calling the cells with the membranous 
flaps leucocytes, and regarding Théel’s ‘‘hyaline plasma-amcebo- 
cytes’’ as a secondary phase of the leucocytes from my observa- 
tions on the formation of syncytia. Théel (’21) in expressing an 
opinion as to the possibility of morphological changes in such 
cells says: ‘‘ However, it may be presumed that the character of 
the surrounding medium may play an important part in that, 
and above all movement and relative stillness, the former pre- 
venting and the latter forwarding the process of transmutation. 
If for instance an amcebocyte leaves the coelomic cavity in order 
to immigrate into the tissues of the body wall, it must necessarily 
undergo certain changes of form. When a cell passes over from a 
passive drift to an active motion, its primitive globular configura- 
tion must be exchanged for another and accommodated to creep- 
ing about.” 


Therefore, the presence of two forms of cells in the freshly 
drawn drop does not of necessity mean that because of this 
occurrence we are dealing with two distinct types instead of an 
active and passive form of one type of cell. It is reasonable to 
suppose that these cells have a cycle of life and that as they be- 
come older this change to a more passive condition leads to a 
change in form. Since the activities of these cells are comparable 
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to the activities of the leucocytes in other animals, they are so 
termed. 


Fics. 1-14. Active leucocytes of the Echinoderms, camera lucida, X 650. I. 
Leptasterias hexactis. 2. Solaster simpsonii. 3. Dermaster imbricata. 4. Pycno- 


podia helianthéides. 5. Pisaster ochraceus. 6. Henricia leviuscula. 7. Evasterias 


troschelii. 8. Strongylocentrotus drobachiensis. 9. Ophiopholis aculeata. 10. S. 
franciscanus. 11. Echinarachnius eccentricus. 12. Cucumaria japonica. 13. C. 
chronjhelmii. 14. Stichopus californicus. 


Text-figures I-14 are camera lucida drawings of the active 
phases of the leucocytes (‘‘ bladder amcebocytes”’ of Théel) of the 
whole series of Echinoderms studied. Examination of these 
figures shows the generai morphological similarity of these cells 
to each other, the only distinct difference being that of size, which 
varies from 7-14 microns in endoplasmic diameter. In all of the 
cells it will be noted that the ectoplasm is clearly marked off from 
the endoplasm and is produced into a varying number of rapidly 
changing delicate flaps. These flaps are constantly being with- 
drawn and extended and may be regarded as modified pseudo- 
podia. By means of these flaps the leucocyte progresses slowly 
through the fluid. That the surface of the cell is covered with a 
sticky fluid is evidenced by the manner in which particulate 
matter adheres to the flaps. When the flaps are withdrawn the 
particles which adhere to them are ingested. 
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The endoplasm of nearly all of the active leucocytes is granular 
and opaque, the exceptions to this opacity are found in the leuco- 
cytes of Ophiopholis aculeata (Fig. 9) and Cucumaria japonica 
(Fig. 12). In these leucocytes the nucleus with its content of 


usually contains a varying number of hyaline vacuoles which 
stain blue with the methylene blue-seawater solution and red with 
the neutral red-seawater solution. 

The active leucocyte is a phagocyte and is always found loaded 
with carmine or india ink particles when these substances are 
introduced into the perivisceral cavity. . In the Holothuroidea 
these phagocytes were observed to deposit the india ink particles 
in the skin (Schultz, ’95). Awerinzew (’11) considers that the 
color of the test in some of the Echinoidea is due to this phago- 
cytic activity of ‘‘amoebocytes”’ and that the color difference in! 
varieties of S. drobachiensis is dependent upon the color of the 
food, the pigments of which are taken up by the ‘‘amcebocytes’”’ 
and carried to the skin. Since the leucocytes are the only types 
of cells in the perivisceral fluid which are phagocytic, they are 
without doubt the phagocytic ‘‘amoebocytes’’ whose activities 
are described by these and other authors. A further function of 
the phagocytes is the removal of germ cells remaining in the 
gonads-after the bulk of the gametes have been shed (Caullery 
and Siedlicki, ’03). Cernovodeanu and Henri (’06) observed 
that bacteria injected into the body cavity of sea urchins were 
taken up by “ameebocytes”’ with long pseudopodia, cells which 
are doubtless leucocytes. Since mention has been made above} 
of the relation of the leucocytes to the transfer of food products, it 
is pertinent to enquire as to further observations of their partici- 
pation in this phase of vital activity. 

Cuenot (’91b), one of the first to call attention to this relation, 
assumed that the substances passed from the intestinal cells into 
the intestinal lacune are taken up by the “‘amcebocytes’’ and 
stored up in them to be carried to other parts of the body. The 
‘““ameoebocytes ’’ which are so concerned become metamorphosed 
into ‘‘amcebocytes with spherules.”” Frenzel (’92) was of the 
opinion that the ‘‘amoebocytes’’ pushed between the epithelial 
cells of the intestine and into its lumen where they disintegrated 
and their remnants acted as a digestive ferment. Enriques (’02) 





234 JAMES ERNEST KINDRED. 


thought that digestive substances were carried from the rete 
mirabile peritoneum in the Holothuroidea to the stomach epithe- 
lium by “ameoebocytes.’’ Thus there are several conceptions 
concerning the relations of the leucocytes to the digestive activi- 
ties which need further investigation. 

As evidenced by their tendency to remove foreign particles 
from the body cavity the leucocytes may be regarded as excretory 
agents and further observations as to their excretory activities 
should be considered. Durham (’88) and Chapeaux (’93) 
observed that the phagocytic cells leave the body through the 
papulz in the Asteroidea. I have observed such a migration in 
Leptasterias hexactis, in which, after injection with carmine, the 
papule are reddish and a smear from the outer surface reveals a 
number of leucocytes laden with carmine particles. “‘Ameaebo- 
cytes’’ (particular type not stated) have been observed to leave 
the body cavity of the Holothuroidea by diapedesis through the 
walls of the branchial tree into its lumen and thence to the out- 
side (Herouard, '95; Schultz, '95). Therefore, there is evidence 
that the exit of the phagocytes in the Echinoderms is through 
the body wall. 

The exact relation of the leucocytes in the removal of waste 
substances from the tissues has not been proven, but Delage and 
Herouard (’03) thought that substances absorbed from the tissues 
by ‘“‘ameebocytes’’ are reprecipitated in them in the form of 
granules and may possibly give rise to the various “‘ amcebocytes 
with spherules.”’ List (’97) pointed out earlier that substances 
absorbed by the “amoebocytes’’ may be the cause of the develop- 
ment of a crystalloid in the nucleus of cells of this type, which by 
growth causes a degeneration and finally the destruction of the 
cell. Thus the accumulations of crystalloids observed scattered 
throughout the body of various Echinoderms may be regarded 
as the remnants of degenerate excretory “amcebocytes.”’ 

Another activity of the active leucocytes is the formation of 
plasmodial masses which are very numerous in any drop of peri- 
visceral fluid. That these plasmodia are formed by the fusion of 
active leycocytes has been observed frequently and plasmodial 
formation is one of the activities which distinguishes the active 
from the passive phase of the leucocyte and from other cells in the 
perivisceral fluid. 
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In addition to the active leucocytes there are always present, 
even in a drop of freshly drawn perivisceral fluid, numbers of 
flattened cells with filiform processes which float passively 
through the fluid (Figs. 15-22). The endoplasm of these cells is 
granulated, opaque and vacuolated, as is the endoplasm of the 
active leucocytes and it reacts the same to methylene blue-sea- 
water or neutral red-seawater solutions, i.e., the vacuoles stain 
blue and red respectively. Since I have observed active leuco- 


Fics. 15-22. Passive leucocytes of the Echinoderms, camera lucida, X 650, 
15. Dermaster imbricata. 16. Henricia leviuscula. 17. Cucumaria japonica. 18. 
Stichopus californicus. 19. Strongylocentrotus drobachiensis. 20. Solaster simp- 
Sonii. 21. Pisaster ochraceus. 22. Ophiopholis aculeata. 


cytes-ehanging into these in Arbacia, I think that they are passive 
phases of the leucocytes. Théel regards them as distinct in 
themselves and calls them “hyaline plasma-amcebocytes.” 
Their presence in the freshly drawn fluid would indicate that they 
are normally present and that their occurrence is not due to 
abnormal conditions as Goodrich suggested. Although these 
cells may occur singly, they are most frequently met with as 
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elements of a syncytium and it is this syncytial formation which 
is their most valuable vital activity, in that it is concerned with 
the repair of injury and the replacement of lost parts in the 
organism. This is due to the fact that these syncytia close 
wounds and form the basis for the growth of the other tissues 
and further that these cells themselves may take part in the for- 
mation of other tissues. 

Théel ('21) states that there is a fibrin-like substance which 
occurs in the coagulation of the coelomic fluid in the Holothuroi- 
dea in addition to the meshwork of the fibers formed by the ar- 
borizing leucocytes. That this fibrin-like substance is extra- 
cellular is evidenced by the fact that a fibrous meshwork occurs 
when there are far too few cells to form such a meshwork so 
rapidly, by leucocytic syncytia alone. I observed this super- 
fluity of fibers in the drops of perivisceral fluid of all of the prepa- 
rations of fresh material and was at a loss to account for it. The 
origin of this fibrous substance is not known, although it has 
been suggested by Schafer (’83) that it might have been secreted 
by the leucocytes. That it does not coagulate in the fluid in 
the perivisceral cavity is due to the various ciliated cells which 
keep the fluid in motion (Cuenot, ’o1). This movement of the 
perivisceral fluid does not prevent the formation of plasmodia or 
syncytia, but it does seem to inhibit the fibrin-like coagulum. 

From the observations of Théel and others it is well known that 
in the development of the test of the Echinoidea the leucocytes 
form syncytia within which is secreted (intracellularly) the 
spicules which fuse and form the stereom, a definite beam and 
rafter skeletal structure. Leucocytes containing spicules have 
been observed in the perivisceral fluid of various Echinoderms. 
I have observed them in the perivisceral fluid of Henricia levius- 
cula (Fig. 16). Théel from his observations on the occurrence 
of these cells containing spicules is of the opinion that we may 
presume that the skeleton of the Echinoderms is due to the 
activity of migratory “ plasma-amcebocytes’’ and their syncytial 
fusion. This assumption may be true, but there has been no 
evidence presented which shows that these cells (my leucocytes) 
are concerned in the replacement of resected areas of the stereom. 
Hence in order to determine the scleroblastic activity of the leu- 
cocytes a series of resections of the test of S. drobachiensis were 
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made and the subsequent regeneration observed. But before 
discussing the observations the relationships of the stereom and 
the adjacent region should be described. Thus in a section 


Fic. 23. Regenerating body wall, Strongylocentrotus drobachiensis, vertical 
section, semi-diagrammatic, camera lucida, X 75. 

Fic. 24. Detail of reticulum of regenerated membrane of body wall shown in 
Fig. 23. Semi-diagrammatic, camera lucida, X 650. 

Fig. 25. Detail of prestereomal area shown in Fig. 23. Semi-diagrammatic, 
camera lucida, X 650. am.sph., ‘‘amoebocyte with spherules’’; ep., epidermis; 
la., lacuna; ne.sy., nucleus of syncytium; pr., prestereomal area; t., peritoneum; 


rg.mb., regenerated membrane; sp., spicule; st., stereom; sy., syncytium; trab., 
trabecula. 


through the body wall of S. drobachiensis which had been decalci- 
fied and stained the following relations of the stereom and the 
surrounding tissues may be observed. The epidermis (Fig. 23) 
appears on the outer surface of the section amd beneath this there 
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is a thin layer of syncytial reticular connective tissue (pr.) which 
is directly continuous on its inner surface with the definitive 
stereom (st.). This syncytium is loosely organized and has 
large intersyncytial spaces within which are found wandering 
‘“‘amoebocytes with spherules.”” The cytoplasm of the syncytium 
is fibrous in appearance and the remnants of spicules could be 
observed in it. The traces of spicules were more marked in the 
region bordering on the stereom where the syncytium had the 
trabecular organization characteristic of the stereom. This 
region I have designated as the prestereomal area. The stereom 
is made up of I-shaped trabecule which are apparently joined to 
each other end to end, so that the whole stereom is a framework of 
beams and rafters with regular lacunar spaces. The substance 
of the stereom when observed in the unstained condition is clear 
crystalline in character and when stained is intensely basophilic 
in reaction. A prestereomal area is also found between the 
stereom and the peritoneum. From the organization and rela- 
tion of the prestereomal areas to the stereom it is evident that the 
growth of the stereom takes place peripherally by the gradual 
deposition of skeletal material within the prestereomal trabeculz. 
Nuclei with prominent nucleoli were observed in the prestereomal 
trabeculz, but none were observed in the trabeculz of the ster- 
eom. / This condition would indicate that trophic activity of the 
cells is lost in giving rise to the stereom and that the whole cyto- 
plasm of the syncytium becomes converted over into skeletal 
material while the nucleus degenerates. / Now if a cut were made 
directly through the body wall and a piece of it removed, the cut 
surface would present three regions, a middle stereom region and 
two peripheral prestereomal areas. It is obvious that the pre- 
stereomal areas would be capable of replacing certain parts of the 
test, but the question arises as to whether or not these cells are 
aided in this regeneration by the leucocytes. 

Although the body wall of several specimens of S. drobachiensis 
were resected in an attempt to answer this question, the results 
are far from convincing and the description of the regeneration of 
the test which follows is to be studied more in detail at a later 
date. 

Eight specimens of S. drobachiensis were injected with carmine 
in seawater through a minute perforation in the peristomial mem- 
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brane and were allowed to remain in a live box for twenty-four 
hours, so that the leucocytes would have a chance to take up the 
carmine particles. At the end of this time, a piece of the body 
wall, I cm. square, was removed from the aboral surface of each 
specimen. The resected specimens were then put into a live 
box and observations were made over a period of four weeks upon 
the changes which were taking place in the resected area. When 
first observed it was noted that a membrane was gradually 
closing the opening in the body wall. This membrane was red- 
dish in color as contrasted with the greenish color of the surround- 
ing body wall, and it grew mesially from the margin of the open- 
ing so that the latter diminished slowly in diameter. In seven 
of the eight specimens the opening in the body wall was closed in 
two weeks. At first the membrane closing the opening was very 
delicate, but it gradually became firmer and in several specimens 
toughened. This phase of the toughening of the membrane 
occurred during the third week. It was then noticed that skele- 
tal material began encroaching on the margin of the membrane 
which was contiguous with the original cut surface. During the 
fourth week the deposition of skeletal material went further and 
several individuals showed a portion of regenerated test. At 
this time the tissue closing the opening was removed from several 
specimens, spread out on a slide and studied in the fresh condition. 
The whole mass had a crimson color and was of a tangled fibrous 
consistency in which were apparent leucocytes containing car- 
mine granules which had formed more or less of a syncytium, in 
which the cell boundaries were indistinct. Several pieces of the 
membrane and the adjacent body wall were preserved for section- 
ing in order to determine the relation of the cells to the replace- 
ment of the skeleton. These pieces were decalcified and a series 
of sections made. 

Figure 23 is a semi-diagrammatic drawing of a vertical section 
through the regenerated membrane and a portion of the adjoin- 
ing body wall, the structure of the latter having been discussed 
above. In the membrane there are several regions of differen- 
tiation. The region most distal to the test and forming the 
center of the membrane is thick and reddish in color, this color 
being due to the presence of minute particles of carmine in the 
cells which make up the syncytial reticulum of the membrane 
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(Fig. 24). The color diminishes laterally and also in the region 
proximal to the stereom, where the syncytium is trabeculated in 
the same manner as it is in the prestereomal peripheral areas 
(Fig. 25). Since the leucocytes were the only cells in the peri- 
visceral fluid which were observed to be phagocytic and form 
syncytia it is probable that they aid the prestereomal cells in the 
formation of the membrane and gradually develop skeletal 
material for the formation of the stereom. The cytoplasm of the 
reticulum in the membrane in addition to the carmine particles 
contains fibers which are probably the remnants of decalcified 
spicules. The nuclei of the reticulum are round, have a distinct 
nucleolus and are the same type as are present in free leucocytes 
observed in the lacunz of the stereom and in the prestereomal 
trabeculz, so that it is probable that the leucocytes and the con- 
nective tissue cells of the prestereomal area are of the same series, 
except that one has become specialized for the production of the 
stereom under ordinary conditions of growth, whereas the leu- 
cocytes only take over this function when the body wall is in- 
jured. The only evidence for a line of demarcation between the 
two is in the presence of the carmine particles in those cells which 
make up the reticulum of the membrane. It is therefore evident 
that the membrane is formed by both the multiplication of the 
prestereomal connective tissue cells aided by the anastomosis and 
syncytial formation of the leucocytes which make up the bulk of 
the membrane. Within the spaces of the reticulum of the mem- 
brane are found large numbers of “‘amcebocytes with spher- 
ules’’ which probably carry nutrition to the cells of the syncy- 
tium, enabling them to carry out their scleroblastic function. 
These “‘amoebocytes with spherules”’ are very few in the region of 
trabecular formation adjacent to the stereom and are entirely 
absent from the lacunz of the stereom, thus they seem to be 
massed in that region where repair is going on rapidly and the 
cells of which are being differentiated. 

Thus in brief there are three regions present in the regenerating 
area. First, the syncytial region which forms the bulk of the 
membrane which has closed the opening in the body wall and is 
composed of a syncytium of leucocytes with small lacune, con- 
taining large numbers of ‘‘amoebocytes with spherules.’’ Sec- 
ondly a prestereomal area, definitely trabeculated, with large 
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lacune and continuous with the peripheral prestereomal areas 
which enclose the stereom of the adjacent region of the body wall. 
The ‘‘amcebocytes with spherules”’ are very few in this region. 
Thirdly, the definitive regenerated stereom which is crystalline 
in character, devoid of nuclei and in the lacunz of which there 
are no ‘‘amoebocytes with spherules.”’ 

It is obvious that the cellular elements which form the mem- 
brane have either been derived directly from cells in the region 
of the prestereomal areas or from cells of the perivisceral fluid 
which have migrated to this area and formed syncytia. Since 
the leucocytes are the only cells of the perivisceral fluid which 
have been observed to form syncytia and since they are the 
coenocytes of the original wandering mesenchymal cells, there is 
reason to suppose that they have some part in this process. That 
stereom formation does not necessarily start from the cut sur- 
face of the resected area is evidenced by the appearance of inde- 
pendent areas of stereom formation in the membrane (Fig. 23). 
A more detailed study of the relationships of the leucocytes to the 
regeneration of the test is to be more closely followed in a more 
extended series of experiments. 

These observations agree in general with Théel’s conclusions 
that the scleroblastic cells “‘ought to be enrolled among the true 
plasma-ameebocytes, though they are dissimilar as to their 
functional manifestations, and consequently, too, as to their 
chemical constitution. It is not unlikely that their quality of 
taking up a superfluity of inorganic salts from the surrounding 
medium has influenced the cells, their power of amoeboid move- 
ment having been suppressed or limited.’’ He concludes that 
the directions of the pseudopodia predetermine the characteristic 
protrusions of the crystals in Psolus phanitapus. The crystal 
when formed occupies the whole of the cell except for a small space 
occupied by the nucleus. In the formation of the stereom in 
S. drobachiensis a similar predetermination of the organization 
of the skeletal elements is apparent in the prestereomal areas. 

From the above observations it may be concluded that the 
leucocytes in both the active and passive phases are those cells 
which are of constant occurrence in the Echinoderms. They are 
phagocytic, thrombocytic and possibly scleroblastic. These 
cells are omnipresent in all regions of the perivisceral cavity. 
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From their activities they must be recognized as the most gen- 
eralized cells in the perivisceral fluid since no others have been 
observed whose functions are so diversified. The question of 
their origin is a vexing one, although it was once pointed out 
that the dorsal organ may, in the Asteroidea, be an organ of 
leucoblastic function, a function which Cuenot (’o1) denies this 
organ, claiming that it is more likely an organ for the elimination 
of wornout cells of the perivisceral fluid and that the “‘amecebo- 
cytes’’ (general term) are probably peritoneal in origin and may 
also arise from each other. In all probability the number of 
leucocytes increases rapidly when an animal is injured, particu- 
larly in the region of the injury, where they form the framework 
for the regeneration of other tissues. They may be regarded as 


one of the important agents in the replacement of lost parts in the 
Echinoderms. 
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Fic. 26. ‘‘Amcebocyte with red spherules,"’ Strongylocentrotus drobachiensis, 
cam. luc., X 1300. 

Fic. 27. ‘‘Ameebocyte with red spherules,"’ S. franciscanus, cam. luc., X 1300. 

Fic. 28. ‘“‘Ameoebocyte with red spherules,'’ Echinarachnius eccentricus, cam. 
luc., X 1300. 


Fic. 29. ‘‘Amcebocyte with yellow spherules,”’ E. eccentricus, cam. luc., X 1300. 


2. The“ Amebocytes with Spherules.”’ 


There are two groups of ‘‘amoebocytes with spherules”’ present 
in the perivisceral fluid of the Echinoderms. One group of these 
is characterized by the presence of pigmented spherules in the 
cytoplasm and the other by colorless spherules. In both types 
the spherules fill the cytoplasm to such an extent that the nucleus 
appears merely as a light space in the center of the cell. All of 
the “‘amcebocytes with spherules”’ are further characterized by 
the presence of very blunt pseudopodia and when fluid con- 
taining them is allowed to stand they tend to assume a spherical 
shape. 

Ameebocytes containing red spherules were observed in the 





PERIVISCERAL FLUID OF ECHINODERMS, 243 


Echinoidea alone, those containing yellow spherules in the Echi- 
noidea and some of the Holothuroidea, and those containing color- 
less spherules in the Ophiuroidea, Echinoidea and Holothuroidea. 
In the Echinoidea, the “‘amoebocytes with red spherules’’ were 
most numerous and largest (12 microns in diameter) in S. francis- 
canus (Fig. 27); in S. drobachiensis (Fig. 26) they were less 
numerous and smaller (9 microns in diameter). In Echinarach- 
nius eccentricus (Fig. 28) they were also less numerous and smaller 
(10 microns in diameter). The predominant type of pigmented 
amcebocyte in E. eccentricus was the type with yellow spherules 
(Fig. 29) and these were particularly massed on the peritoneum 
of the intestine. Scattered yellow pigmented amcebocytes were 
observed in Stichopus californicus, but no association with any 
organ system was noted. a; 
The red pigment in the pigmented amcebocytes of the Echi- 
noidea was designated echinochrome by McMunn (’85). The 
view of this author and Griffiths (’87) that the amcebocytes con- 
taining echinochrome are associated with oxygen transportation 
has never been fully accepted. Cuenot (’91b) was the first to 
oppose this assumption and stated that there was no change in 
the depth of the color when the cells were allowed to stand in the 
air, and that the contained pigment instead of being an oxygen- 
carrying pigment was stored-up food material which the cells had 
taken from the intestine. Further, Winterstein showed that a 
solution of echinochrome does not take up more oxygen than the 
same amount of seawater. This assertion of Winterstein’s is 
significant, because it opens up the question as to the oxygen 
requirements of the Echinoderms. Of course it is obvious that 
all of the free oxygen used by the Echinoderms is taken from the 
seawater and further it has been shown that except for a differ- 
ence in albuminoid content the perivisceral fluid of the Echino- 
derms is the same density as the seawater (Cuenot, '91). There- 
fore, we can assume that there is a diffusion of the seawater 
through the breathing organs of the Echinoderms and that the 
oxygen content is the same in the perivisceral fluid as it is in the 
outside seawater. With the exception of certain of the Holo- 
thuroidea, all of the Echinoderms have a very slight develop- 
ment of rapidly contractile muscle elements and hence no need 
for a large amount of oxygen for muscular activity, from which it 
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follows that in the Asteroidea, Ophiuroidea, Echinoidea and 
Holothuroidea with tests (e.g., Psolus), which live in regions of 
high free oxygen content, due to tidal currents, there is 
enough oxygen in suspension in the perivisceral fluid for ordinary 
metabolic activity. Therefore in these forms no oxygen-carrying 
cells are developed and the cellular modifications which occur in 
the cells of the perivisceral fluid may be regarded as independent 
of the relations of the breathing organs. Further we would 
expect to find efficient oxygen-carrying cells in the Holothuroidea 
which have a relatively high development of muscle, for the 
needs of which the free oxygen content of the perivisceral fluid 
is not sufficient. The hemocytes are the cells which fulfill this 
requirement in the Holothuroidea and will be discussed later. 

If the “‘amcebocytes with red spherules”’ are not to be regarded 
as oxygen-carrying cells, are they then related to the transfer and 
storage of food as suggested by Cuenot? As a partial answer to 
this query are the results and conclusions of Awerinzew (11) 
who carried on investigations on the habitat and food relations 
of two varieties of S. drobachiensis. Awerinzew observed that 
the two colored varieties of this species lived in different types of 
environment, the green-yellow forms living on a mud and stone 
bottom and the red forms amongst red alge. He assumed that 
the pigment in the food of the red forms was carried from the 
intestine to the skin and deposited there. The pigment in the 
perivisceral cells would then be due to the food eaten. He 
checked his results by injecting carmine particles in solution into 
the alimentary tract and found that these particles were carried 
to the skin, but the distinctions between the types of cells en- 
gaged in this activity were not made clear, so that it is possible 
that the cells were leucocytes carrying on their normal activity as 
phagocytes and there is no case for the pigmented cells as food 
carriers. 

The ‘‘amcebocytes with red spherules”’ are far more numerous 
and larger in the perivisceral fluid of S. franciscanus than they are 
in S. drobachiensis. This fact leads to the suggestion that the 
color of the body wall is due to a difference in numbers of the red 
cells in the two species. 

Since it has not been proven that the “amcebocytes with red 
spherules” are developed from other cells by the ingestion of 
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pigment from food, it may be that they are the descendants of 
the pigmented cells (chromatophores) of the larval Echinoidea. 
These cells are present in the segmentation cavity of the larval 
Echinoids, but I have not found any reference as to their occur- 
rence in the larve of other classes. If this is true, then we are 
dealing with an amcebocyte which is specific in the Echinoidea 
and may yet be found to be derived from the colored substances 
characteristic of the Echinoid ovum. 


Fics. 30-37. ‘‘Amoebocytes with colorless spherules,’’ cam. luc., X 1300. 30. 
Ophiopholis aculeata. 31. S. drobachiensis. 32. S. franciscanus. 33. E. eccen- 


tricus. 34. C. japonica. 35. Stichopus californicus. 36. S. californicus. 37. C. 
chronjhelmii. 


‘‘Amcebocytes with colorless spherules”’ (Figs. 30-37) are more 
widely distributed in the Echinoderms than the pigmented ones 
and are found in the Ophiuroidea, Echinoidea and Holothu- 
roidea. The cells of this type are much more abundant and active 
in the Holothuroidea than in the other classes. They are also 
much less stable and disintegrate soon after withdrawal from the 
body. They are deeply stained by methylene blue-seawater or 
neutral red-seawater solutions, a reaction which is not character- 
istic of the ‘“‘amcebocytes with colorless spherules’’ in the other 
classes. 

It is to be noted that the size of the spherules is constant for 
any given amcebocyte, but that there is a variation in the sizes of 
the spherules of amcebocytes characteristic of different animals. 
Théel has also remarked upon this and has pointed out that the 
“ameebocytes with colorless spherules’’ predominate in the 
Holothuroidea which he studied. He says: “In the holothurids 
the white corpuscles are thoroughly predominant, though, there 
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also, species are to be met with which are characterized by both 
white and red corpuscles. Thus, for inst., Labidoplax buskit 
makes an exception by lodging cells with hyaline granules to- 
gether with such ones which contain red pigmented granules, 
both kinds being nearly equal in number.”’ 

The origin and functions of the ‘‘amcebocytes with colorless 
spherules’’ is problematical. According to Cuenot (‘91b) they 
may arise from leucocytes by the addition of spherules of protein 
and are hence to be regarded as food carriers. 


39 
41 


Hemocyte, C. japonica. Side view, cam. luc., X 1300. 

Hemocyte, C. japonica. Surface view, cam. luc., X 1300. 

Hemocyte, C. chronjhelmii. Surface view, cam. luc., X 1300. 
Vibratile corpuscle, Stichopus californicus, cam. luc., X 1300. 
Vibratile corpuscle, Ophiopholis aculéata, cam. luc., X 1300. 
Vibratile corpuscle, Strongylocentrotus drobachiensis, cam. luc., X 1300. 
Vibratile corpuscle, S. franciscanus, cam. luc., X 1300. 


3. The Hemocytes. 


Théel (’21) describes a series of “red blood corpuscles’’ from 
the perivisceral fluid of the Holothuroidea, excepting the forms 
with tests, as Psolus. In his discussion of these cells, he calls 
attention to the fact that the content of these corpuscles was 
first noted by Semper (’68) who suggested that this material was 
of the nature of hemoglobin. Howell (’85) advanced the same 
suggestion with regard to the same type of cell in certain species 
of Thyone and Cucumaria. Cells of this type were also observed 
in the Holothuroidea by Cuenot (’91b), Knoll (’93) and Kollman 
(08). These cells were described as spherical or elongate ovoid 
cells with a definite limiting membrane which was elastic, but did 
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not form pseudopodia. The cytoplasm was of a homogeneous 
color of the same shade as hemoglobin, and in it was embedded a 
slightly ovoid nucleus. 

In my observations on the genera Cucumaria and Stichopus I 
have found these cells to be limited to the Cucumaria. For 
reasons given below I have designated these cells as hemocytes. 
The hemocytes of Cucumaria are flattened, biconvex discs, ovoid 
in shape. The cell membrane is plastic, but the cells exhibit no 
amoeboid movement and are carried passively in the perivisceral 
fluid by contractions of the vasa and movements of the body. 
The cytoplasm is a homogeneous mass of orange-yellow color in 
which is located a small oval nucleus, eccentrically placed (Figs. 
38, 39, 40). In C. chronjhelmii the granular content of the nucle- 
us is very clearly apparent (Fig. 40). A mass of these cells pre- 
sents a crimson appearance comparable to the oxygenated blood 
of vertebrates. The hemocytes of C. japonica (red body wall) 
are much larger and more numerous than those of C. chronjhelmit 
(white body wall), consequently the deep color of the former may 
be due in part to this difference in number. 

Van der Heyde ('22), although giving no reference to the earlier 
suggestions that these cells contain hemoglobin, carried on a 
series of experiments on the content of hemocytes in Thyone 
briareus. He subjected a solution obtained from these cells to 
the spectroscope and obtained a band characteristic of oxyhemo- 
globin; upon reduction the solution gave the single band charac- 
teristic of hemoglobin and when shaken with air, the double band 
characteristic of oxyhemoglobin appeared; hemin-like crystals 
were obtained from the content of the hemocytes. These experi- 
ments together with several other chemical tests have led Van 
der Heyde to conclude that the substance is hemoglobin. As a 
result of these observations I have designated these cells, types 
of which also occur in Cucumaria, the hemocytes, a term which 
is briefer and more concise than the appellation red blood cells. 

We may ask if there is any reason why oxygen-carrying cells 
should be present in certain of the Holothuroidea and not in 
other members of this class or other Echinoderm classes. I 
have suggested earlier in this paper that oxygen-carrying cells 
may be regarded as unnecessary in the Asteroidea, Ophiuroidea 
and Echinoidea because of the relatively low oxygen needs of the 






















































































































; 
; 
H 
I 
if 


# 
‘ 
& 


> 


48 JAMES ERNEST KINDRED. 


body which can be supplied by free oxygen of the perivisceral 
fluid. But in the Holothuroidea of the types like Cucumaria 
and Thyone, the body is made up of highly contractile muscle 
elements which may possibly need more oxygen than can readily 
be supplied by the perivisceral fluid. Consequently, it is sug- 
gested that the hemocytes, as oxygen carriers, have appeared in 
association with the development of the muscular system and 
greater muscular activity, so that the contractile elements may 
be supplied. Further evidence for this suggestion is found in the 
absence of these hemocytes in the Holothuroidea without mus- 
cular bodies (e.g., Psolus) which are comparable to the test- 
bodied Echinoidea. 


4. The Vibratile Corpuscles. 

The vibratile corpuscles are those cells in the perivisceral fluid 
which are minute and bear flagella. Cells of this type were 
observed in Ophiopholis aculeata (Fig. 42), S. drobachiensis 
(Fig. 43), S. franciscanus (Fig. 44) and Stichopus californicus 
(Fig. 41). 

In O. aculeata the vibratile corpuscle is very minute (3 microns 
in diameter). A small peripheral layer of granular cytoplasm 
encloses a relatively large nucleus. A single long flagellum is 
present at one end of the cell. The vibratile corpuscles of 
Strongylocentrotus are much larger, each has a relatively smaller 
nucleus as compared with the amount of cytoplasm and a shorter 
flagellum than the vibratile corpuscle of O. aculeata. 

In S. californicus, the vibratile corpuscles are very minute 
(1 micron in diameter) and are colored with a yellowish pigment 
which obscures the nucleus, if such be present. Since hemocytes 
are lacking in this species it may be assumed that these cells are 
oxygen-carrying cells and that the pigment is a hemin compound 
related to the content of the hemocytes of the other muscular- 
bodied Holothuroidea. 

Cuenot (’02) suggested that the function of the vibratile cor- 
puscles is to keep the fluid content of the perivisceral cavity in 
motion, thus aiding the ciliated peritoneum in causing a circula- 
tion of the fluid. 
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III. Summary. 


From a comparative study of the cellular elements in the peri- 
visceral fluid of a representative group of Echinoderms found in 
the vicinity of the Puget Sound Biological Station the following 
conclusions have been reached: 

1. The leucocytes are constant in the perivisceral fluid of the 
Echinoderms. 

2. The leucocytes in all of the Echinoderms studied are phago- 
cytic and thromboblastic and in some species appear to be sclero- 
blastic and associated with the replacement of resected skeletal 
areas. 

3. Hemocytes (cells with hemoglobin) are found only in cer- 
tain of the Holothuroidea and are correlated with the develop- 
ment of a highly muscular body. 

4. Modifications of the breathing organs have apparently no 
effect on the cellular contents of the perivisceral fluid, so that 
no specific oxygen-carrying cells are developed in those forms 
with a rigid non-muscular body wall despite the limitations of the 
breathing organs. 

5. Of the ‘‘ameoebocytes with spherules,’’ those with colorless 
spherules are present in the Ophiuroidea, Echinoidea and Holo- 
thuroidea and are predominant in the last class. ‘‘Amecebocytes 
with red spherules” are present in the Echinoidea, where the 
size and number present is-correlated with the depth of color of 
the body wall. 


6. Vibratile corpuscles are present in the Ophiuroidea, Echi- 
noidea and in Stichopus californicus alone of the Holothuroidea 
studied. In the latter species they are pigmented and are re- 
garded as cells which function as do the hemocytes in other 
muscular-bodied Holothuroidea. 
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CELL BEHAVIOR IN TISSUE CULTURES. 
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This paper deals with certain free wandering cells observed in 
tissue cultures from the minnow, Fundulus heteroclitus and 
Fundulus majalis. The types of cells which became free and 
isolated from the spreading tissue growths were, chromatophores, 
amoeboid mesenchyme cells and, most abundant of all, certain 
cells having curious fan shaped projections. These cells proved 
to be identical with those studied in their association in tissues 
in cultures by Dr. Dederer (’21). She identified these as mesen- 
chyme cells which in cultures were the means of attachment of 
the outgrowing sheets of ectodermal cells to the surface of the 
coverslip. In the work here presented isolated cells were sought 
as the best objects for the study of cell behavior. The mode of 
locomotion and the tactile reactions were more especially studied 
and for the latter work the Barber microdissection apparatus was 
utilized. The tissues were cultivated in the sea water medium 
(M. R. Lewis, ’16) using, however, in many cases more dilute 
solutions. Observations were usually made within two days 
after planting. The work was done at the Marine Biological 
Laboratory at Woods Hole, Massachusetts during the summers 
of 1921 and 1922. I wish to acknowledge my indebtedness to 
Mrs. D. B. Young for the drawings from the stained preparations 
and to Mr. S. C. Williams for aid in certain of the observations 
on the rate of motion of cells. 

The Fan Cells—Among cells of this type an abundant form 
was that for which I came to use the descriptive term “Canoe 
cells.” When first observed these seemed to be elongate spindle- 
shaped cells such as indicated by many outlines in Fig. 4. I 
supposed that there were delicate psuedopedia at either end but 
upon plotting the direction of the motion of these cells I was 
surprised to find that they were moving steadily at right angles 
to the long axis. More careful observations upon living and upon 


fixed and stained preparations showed the presence of a delicate 
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film along what proved to be the anterior side of the cell. This 
film or fan rounded about the ends of the elongate cell, thus 
giving the canoe-like form (Fig. 1). By use of the microdissection 


3 


Fic. 1. Typical ‘‘Canoe" cell. Drawn from stained preparation. 
Fic. 2 and 3. Diagrams of ‘“‘Canoe”’ cell (2) and double fanned or bipolar 
cell (3) showing microdissection needle above body of cell and beneath the cover 


glass. The fans are firmly attached and the needle can not be pushed between them 
and the glass. 


apparatus the relation of the cell to the cover glass was determined 
more accurately. It was possible to slide a needle between the 
more visible spindle shaped part of the cell and the cover glass. 
The, fan, however, was firmly attached (Fig. 2). The fan was 
clearly of ectoplasm in the gel state while there was more fluid 
protoplasm within the body of the cell. 


I believe these fans to be the motor organs of the cell. There 
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seemed always to exist a definite relation between the position of 
the fan and the direction of motion. The fans were the only 
portion of the cells in contact with the solid support and there 
seemed to exist no mechanism for locomotion in a fluid medium 
without support. Other types of fan cells, as described below, 
illustrate these points even more clearly than the “Canoe” cells. 
The rate of motion of the ‘“‘Canoe”’ cells was studied by plotting 
their course with a camera lucida. Fig. 4 shows the history of such 
acell. In most cases the outline of the fan could not be observed 
with the camera in position and an cutline of only the body was 
drawn. However, in positions I, 12, 21, 28, 30, 32 and 34 the 
probable form of the fan is indicated by dotted lines. These 
outlines were based on observations with the prism of the camera 
removed. At position 8 the cell became attached by a psuedo- 
podium-like projection on the right which may have terminated 
in afan. A similar process occurred at positions 24 to 35 during 
which period a small fan could clearly be observed at the right. 
At position 27 the cell under observation collided with another 
cell. The two cells became attached and the newcomer formed 
an irregular projection at the upper right of the original cell 
(positions 27 to 36). 

The average rate of motion of freely moving cells excluding 
such cells as proved to be slowing down prior to the death of the 
cell, was 6.3 microns per minute. The cell shown in Fig. 4 moved 
at a rate of 5.3 microns from positions I to 25. An attempt was 
made to study the effects of changes of temperature upon the 
movement of these cells. For this purpose the cultures were 
studied under the microscope in a warmed box at temperatures 
varying from 21° centigrade to 42°. Above 40° the cells withdrew 
their fans and became rounded. Observations were made at 
constant temperatures and also during an increase of tempera- 
ture. It soon became apparent that variations in the conditions 
of individual cells would preclude the possibility of constructing 
a temperature curve for the rate of locomotion. Cells becoming 
free from the main growth of tissue moved for a variable period 
and then became rounded and this condition probably preceeded 
the death of the cell. A slowing of the rate of motion was appare- 
ent before the contraction took place. Also the varying form of 
the cell and the probable occasional attachment by small sub- 
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Fic. 4. The history of a “‘Canoe”’ cell for one hour and seven minutes at room 
temperature. The solid lines outline the cell body in so far as it was visible when 
projected by the camera lucida. The dotted lines show boundary of fans based on 
observations with the prism of the camera raised. 
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sidiary fans, as in Fig. 4, which are invisible when making camera 
drawings, doubtless influence the rate of motion. Nevertheless 
the results seem to indicate that an increase of temperature causes 
an increase in the velocity of the movement. The average of all 
(15) observations at room temperature showed a rate of locomo- 
tion of 6.3 microns per minute. The average of all (10) observa- 
tions at higher temperatures (in most cases varying) was 7.3 
microns per minute. The records of greatest speed were 11.5 
microns and 10 microns per minute and were attained by cells 
at the higher temperatures. In the latter case the cell was fol- 
lowed for 39 minutes. The details of these observations are 
recorded in the tables in the appendix to this paper. 

A second form assumed by these cells was that exhibiting 
two fans (Figs. 5, 6, 7). These fans were usually at opposite 
poles and under their influence the cell became greatly attenuated. 
In such cases a micro-dissection needle could be passed between 
the coverslip and the body of the cell (Fig. 3), but the fans were 
found to be firmly attached. The cell was thus freely suspended 
like a hammock between two supports—the fans forming means 
of attachment and also of extension. Two typical double fanned 
or bipolar cells are shown in Fig. 5 and 7 which were drawn from 
stained preparations. In Fig. 6 are shown two cells attached 
with one fan pulling in a direction not directly opposed to the 
other. 

Another extraordinary mode of motion was observed in which 
the contractility of the cell functioned as well as the gliding motion 
of the fan. The history of such a cell is shown in Fig. 9. The 
account begins at 2.44 P.M. with the cell at position 1 and with 
a fan at either end. Suddenly a release of the fan occurs and the 
cell contracts and is thrown into position 2. It again elongates, 
fans are found at either end—positions 3, 4, 5 and at 3.01 a 
second contraction occurs, throwing the cell into position 6. The 
process is repeated four times—positions 6-9, 9-12, 12-13, and 
13-18. In each case the cell is elongated by the pulling of the op- 
posed fans. This unusual mode of motion was observed in a 
culture from a 17-day embryo. This marked contractility of a 
mesenchyme cell is almost suggestive of the behavior of muscle 
cells as described by M. R. Lewis (’20) except that these cells 





Fics. 5, 6, 7, 8. 


Typical fan cells drawn from stained preparations. 
and 7 are bipolar or double fanned cells. 
further than indicated. 
Fig. 8. 
times. 


Figs. 5 
The limits of the fans may have extended. 
Fig. 6. Fan cells—possibly shortly after cell division. 
Two cells apparently fused forming syncytium. Magnification about 1800 
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contract completely to a spherical form and then gradually 
expand. 


11 


100 MICRONS 


Fic. 9. The history of a bipolar fan cell for one hour and eleven minutes at 
room temperature of 23°. Movement is by method of alternate expansion and 
contraction. For details see text. 


The cells having fans were found only in cultures showing 
epithelial growths such as described by M. R. Lewis (’16) and 
Dederer ('21). I have planted cultures from embryos of various 
stages but have been unable to obtain this type of growth from 
those of less than six days of age when developing at the tempera- 
ture of the running sea water in the laboratory (19° to 22°). The 
most favorable period for planting and obtaining such growths is 
shortly before hatching (about 17 days, 19°-22°). Sections of 
embryos of these later stages reveal a conspicious layer of eells 
beneath the surface epithelium which are almost completely 
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wanting in the earlier stages. Dr. Dederer’s observations have 
shown the close relation between epithelial cells and the fan cells 
and it is then not improbable that this layer contains the fan 
cells. Moreover she has shown these fan cells to be necessary 
for the spreading of the epithelial growth by attaching it to the 
cover glass. Therefore the absence of the epithelium in cultures 
from the younger embryos may be due to the absence of this 
sub-epithelial layer with its included fan cells. 

In a few cultures other unpigmented cells of presumably mes- 
enchymal origin and of exceedingly irregular form were noted. 
Their mode of motion seemed typically amceboid. 

Tactile Reactions—The tactile reactions of various types of 
cells were studied. For this purpose the cells were touched with 
a delicate glass needle moved by a Barber micro-dissection ap- 
paratus. If the body of a double fanned cell such as that shown 
in Fig. 3 is sharply stimulated the fans are released and the whole 
cell contracts, becoming spherical A fan may be pried loose and 
a similar reaction ensues. The contraction seems in part due to 
an elastic tension of the cell. I have not found it possible to 
stimulate a cell by touching or even partially mutilating a small 
portion of the fan. The ectoplasm does not seem to conduct a 
stimulus. In some cases a delicate stimulus near the boundary of 
a fan and the cell stalk of a greatly elongated cell will cause com- 
plete contraction. The material of the fan seems to flow to- 
gether, making a ball of protoplasm which is carried along with 
the stalk to the center of the cell. 

I have tried a few experiments to determine the chemotactic 
response of such tissue cells. A cloud of methylene blue in- 
jected by a micro-pipette will cause the contraction of these 
isolated cells. I have not succeeded in obtaining any more def- 
inite response such as a change in the direction of motion. 

Previous writers, Bancroft (’12), Stockard (’15) and Newmann 
('18) have described two types of chromatophores in the Fundulus 
embryo. These are black chromatophores or melanophres and 
the brown (or red) chromatophores. Bancroft (’12) has described 
a third type which also appeared in these tissue cultures. These 
were yellow and smaller than the other types and showed few or 
no pseudopodia. As a group, the chromatophores are but slightly 
responsive to tactile stimulation. If a needle is pushed against 





260 HUBERT B. GOODRICH. 


a pseudopod with sufficient force to slightly indent the ectoplasm, 
the pseudopod may slowly withdraw. A brownian movement of 
pigment granules is frequently initiated. Of these cells the yellow 
chromatophores are most responsive, the red are less responsive 
and the melanophores are almost completely inert to tactile 
stimulation. 

All cells studied seem to show less variety of adaptive response 
than the amceba. Thus the only reaction that I have observed 
is contraction either of the whole or a portion of a cell. 

I have previously referred (Goodrich, '22) to the motion of the 
fan cells as non-amceboid. The characteristic streaming of 
protoplasm which we associate with the amceba is certainly not 
present. The phenomenon seems more akin to the movement of 
diatoms. It is, however, not impossible that this gliding motion 
may be a factor in the locomotion of many unicellular organisms. 
Schaefer (’20) in his discussion of amceboid movement has called 
attention to the importance of a surface film of streaming proto- 
plasm external to the ectoplasm and wholly distinct from the 
familiar streaming of the endoplasm. This film can be observed 
only indirectly as it carries particles that become entangled in it. 
Schaefer states (page 106) that “the surface film in ameebas is 
powerful enough to enable them to move by it.’’ In this case it 
causes a backward motion. It is also probable (see Schaefer, 
’20, for discussion) that such a surface film is important in the 
movement of diatoms, Oscillitoria and even of Gregarines. No 
adequate explanation has been offered for the motion of this 
surface film. I have not been able to detect the presence of such 
a moving film in the fans of the cells studied in this paper although 
cells have been observed in media containing a suspension of 
carbon granules. Yet the delicacy of the fan is such as to make 
the test seem inadequate and it is not impossible that such a 
mechanism may exist. If so we may have some clue to the motion 
of many cells in development and in regereration. Moreover this 
mode of motion seems allied to the power of adhesion of cells. The 
cells here described are attached to the cover glass by means 
of the fans. Dr. W. H. Lewis (’22) has raised the question as 
to why tissue cells adhere in an organism. The mechanics of 
the gliding motion seems to involve this power of adhesion and 
thus the two problems may be related. 
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SUMMARY. 


1. Certain isolated cells from tissue cultures of Fundulus 
embryos have been described. 


2. These cells posess fan-shaped films which are adherent to 
the cover glass. 


3. These films are the motor organs of the cells by means or 
which they glide on the under surface of the cover glass. 

4. The tactile reactions of these cells and of the chromato- 
phores are described. 


5. The relation of this type of cell movement to amceboid 
movement is discussed. 
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APPENDIX. 
TABLE I. 


RECORD OF OBSERVATIONS ON RATE OF MOVEMENT OF CELLS AT ROOM 
TEMPERATURE, 


4 T 2 i 
a ——— Rate emperature Duration of 
Weusher in } licrons in Degrees Observations 
: per Minute. Centigrade. in Minutes 





24.5 41 
24.5 42 
24 16 
24. 33 
24. 19 
24. II 
22. 25 
22. I5 
22. 11.5 
22. 8.5 
22. Q. 
2i. 20 
21. 13 
21. 7-5 
22. 48. 
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TABLE II. 


RECORD OF OBSERVATIONS OF RATE OF MOTION OF CELLS AT HIGHER 
TEMPERATURES. 
The temperature was in most cases gradually increased as indicated. 


Average Rate Temperature Duration of 

Reference be Riese in D a ; 
ecaiean in } ficrons in Degrees O servations 
; per Minute. Centigrade. in Minutes. 





16 
17 
18 
19 
20 
21 
22 
23 
24 


29.5-37 25 
27 —33-8 20 
33-8-36.5 25 
27-35 44 
35 7 
27-30 12 
28-31 8 
27-31 13 
27-29 10 

25 33-35 39 
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